Spontaneously transformed and virallytransformed cells are restored to contact-inhibited growth by the addition of dibutyryl cyclic AMP to the nutrient medium. Theophylline, an inhibitor of the phosphodiesterase that degrades cyclic nucleotides, must also be present for maximal effect. Once the transformed cells reach a saturation density in the presence of the additives, release from the contact-inhibited state occurs upon removal of the dibutyryl cyclic AMP and theophylline from the medium. Agglutinability of the transformed cells by wheat-germ agglutinin (a monitor of architectural changes in the plasma membrane) is decreased by dibutyryl cyclic AMP-theophylline treatment, but increases again upon removal of the additives.
Contact inhibition (1), or density-dependent inhibition of growth (2) , is a property of normal cells in tissue culture and is associated with a low degree of tumorigenicity (3) . The ability to overcome this inhibition of growth is regarded as characteristic of transformed cells (4) and is related to an increase in tumorigenicity (3) .
Cell-surface changes that occur upon transformation can be monitored by Burger's agglutination method (5) . Surface receptors to the wheat-germ agglutinin are exposed in transformed cells, but appear cryptic in normal, densitydependent cells (6) . The saturation density of a given cell line has been correlated with its tendency to agglutinate (7) . cAMP is a ubiquitous molecule whose biochemical role remains obscure (8) . It is thought to mediate the effects of extracellular stimulators, usually hormones (9) . These stimulators activate the enzyme adenylate cyclase, which is localized in the plasma membrane of animal cells (10) . Adenylate cyclase then catalyzes the formation of cAMP from ATP and the cAMP is transmitted to the cell's interior (8) . Hsie and Waldren (11) have shown a morphological change in Chinese-hamster ovary cells after exposure of the cells to dibutyryl cAMP. Surface membrane alterations have been proposed as a cause of the growth differences between normal and tumor cells (6, 12) . These accumulated observations led me to study the effect of dibutyryl cAMP on the growth, morphology, and agglutinability of spontaneously-and virallytransformed cells.
MATERIALS AND METHODS
Cells used in these experiments were originally derived from the 3T3 cell line of Todaro and Green (13) 
RESULTS Growth
Only the dibutyryl derivative of cAMIP, (But)2cAMP, at concentrations ranging from 10-3 M\ to 10-5 M, had a significant effect on the growth of the transformed cells. cAMP and 5'-AMP, at a concentration of M, were lethal to all cells tested; at lower concentrations, they had no effect. 3':5'-cyclic GMP, 2':3'-cyclic AMP, 2':3'-cyclic GMP, and sodium butyrate, at a concentration of 10-4 M, did not affect cell growth. Theophylline or (But)2cAMIP added alone significantly inhibited the growth of both types of transformed cells; however, the presence of both (But)2cAMP and theophylline brought the transformed cultures to saturation densities similar to the untransformed 3T3 parent line.
(But)2cAMIP and theophylline had no effect upon the 3T3 line. (But)2cAMP at concentrations as low as 10-5 MV induced a pronounced inhibitory effect on division of transformed cells in the presence of 10-3 M theophylline. Fig. 1 illustrates these results. BHK and L cells were also tested and shown to be affected by (But)2cAMP and theophylline with regard to saturation density, morphology, and agglutinability.
Once the transformed cells reached saturation density, removal of (But02cAMP and theophylline from the medium led to immediate release from controlled growth (Fig. 2) . Viability of the treated transformed cells is indicated by their exclusion of trypan blue dye, similar plating efficiency, and ability to resume growth after removal of the additives (Fig. 2) . Doubling time of the treated cells was lengthened by 25-30%, to 28 + 1 hr.
Transformed cells grown in the presence of (But)2cAMP and theophylline can be removed and replated in the presence of the additives; they again grow to a low saturation density. transformed cells are highly agglutinable (6) . However, in the presence of (But) cAMP and theophylline, agglutinability decreases to the amount of the untransformed parent 3T3 cell ( 0: qb logical effect of (But)2cAMP on other cultured animal cells (15, 16) .
The restoration to contact-inhibited growth of cells cultured in vitro may be related to the control of cellular growth in vivo. The 3T3 cell system provides a simple approach to this problem. The parent 3T3 line is highly contactinhibited and possesses relatively low tumorigenicity. It is considered normal, although highly aneuploid. Its transformants, 3T6 (spontaneous) and PyV-3T3 (polyoma virus infected), are much less density-dependent and are highly tumorigenic.
Release of normal cells from the contact-inhibited state has been reported to occur after addition of insulin to the medium (17) , at high concentrations of serum (18) , and after short incubations with proteases (19) . All these results could be due to effects upon cAMIP and the enzymes that control the cellular steady-state concentration of cAMP. Insulin is a known cAMP antagonist and is thought to decrease cellular cAMP (20) . Serum contains a cyclic nucleotide phosphodiesterase that degrades cAMP (21) . Protease treatment of cells leads to the rearrangement of their surface architecture (6) , and has been shown to decrease the adenylate cyclase activity localized in the surface membrane of animal cells (22) .
Contact-inhibited growth has been also restored to PyV-3T3 cells upoIn addition of a univalent plant agglutinin to the medium (23) . As the agglutinin binds to the cell surface, it could alter the activity of adenylate cyclase. 3T3 and 3T6 cells both possess an adenylate cyclase enzyme that is stimulated by norepinephrine (24), a hormone that activates the enzyme via the plasma membrane (8) .
Adenylate cyclase activity is decreased in polyomatransformed BHK cells in comparison to the parent BHK line (25) . Burk (25) also observed decreased growth of BHK and transformed-BHK cells in the presence of caffeine or theophylline (2 mMI), and suggested that possibly a deficiency of cAMIP was the basis of neoplastic transformation.
It is not yet clear whether adenylate cyclase in peripheral lymphocytes is (26) or is not (27) stimulated by phytohemagglutinin. However, Smith et al. (28) have shown that hormones that lead to an increase of cAMP inhibit stimulation by phytohemagglutinin, as does cAMP itself. They also report a decrease of cAIP in the phytohemagglutininstimulated cell compared to the quiescent lymphocyte, which suggests that growing cells have less cAMP than nongrowing cells. Perkins (personal communication) has found that glioma cells growing in culture have a decreased specific activity of adenylate cyclase during log-phase growth. These results all support the concept that relatively high concentrations of cAMP are inhibitory to an accelerated growth rate.
Platelet aggregation, a cell-surface phenomenon, has been reported to be blocked by the presence of cAMP and by hormones that lead to the accumulation of cAMP (29) . A morphogenetic effect of cAMP has been demonstrated by Bonner and his collaborators, who identified cAMP as the chemotactic and morphogenetic substance of a cellular slime mold (30) . Aggregation of thyroid cells is enhanced by thyroid-stimulating hormone and also by cAMP (31) . These diverse results all support the hypothesis that cAMP concentrations may influence the architecture of the cell surface. PyV The biochemical mechanism by which (But)2cAMP controls the growth of cells is unknown at this time. Cellular transport and permeability have been shown to be affected by cAMP concentration (32) . Rasmussen and Tenenhouse have speculated that shifts in the intracellular distribution of calcium may be responsible for many, if not all, of the effects of cAMP (33) . Other studies attesting to the morphological effect of (But)2cAMP on cultured animal cells propose that microtubules are involved in this change (12, 15, 16 ). Langan's findings that cAMP stimulates phosphorylation of histones suggest a mechanism of transcriptional control (34) .
The phenotypic reversion of transformed cells to normal growth, and the subsequent return of characteristics associated with normal cells, may be of value in the context of "phenotypic correction". There is a report concerning the inhibition of tumor growth by intratumoral injection of cAMP (35) .
Previous studies concerning contact-inhibited growth should, perhaps, be re-evaluated in view of the restoration of normal growth patterns to transformed cells by (But)2cAMP.
